Abstract. Levels of pituitary thyrotropin messenger RNA and circulating hormones during molting induced by feed and water deprivation were determined by reverse-transcription polymerase chain reaction and radioimmunoassays. Plasma levels of luteinizing hormone and estradiol decreased from the next day (Day 1), and progesterone from Day 3, of deprivation treatment, and were associated with the cessation of egg laying on Day 4. The plasma thyroxine level of experimental hens increased on Day 5 and remained high until Day 17, whereas the plasma concentration of triiodothyronine was lower than the control level throughout the experimental period. The messenger RNA level of the pituitary thyrotropin β subunit of experimental hens decreased markedly at first, but then increased showing a peak on Day 3 followed by a gradual decrease until Day 17. The serum prolactin level decreased on Day 3 and remained low until Day 17. These results suggest that (1) a decline in hormones associated with egg laying is followed by activation of the pituitary-thyroid axis, (2) thyrotropin triggers the increase in thyroxine but is not necessarily responsible for the maintenance of the high thyroxine level, and (3) prolactin might be involved in molting induced by feed and water deprivation.
nduced molting is a technique widely applied in the poultry industry, in which flocks of hens with decreased laying yields are forced to molt by depriving them of feed and water or by substitutive procedures [1] , resulting in a recovery in laying among the population. Due to biological interest as well as economic importance, many studies have been conducted to clarify the hormonal mechanism of induced molting (see [2] for review). Increases in plasma thyroxine (T 4 ) and triiodothyronine (T 3 ) levels during induced molting have been reported [2] [3] [4] [5] [6] , although these reports differ in the exact time course of the changes. Elevations of T3 and T4 have also been reported in natural seasonal molts of the hen [7] and some wild avian species [8, 9] . These studies revealed that thyroid hormones have indispensable roles in induced molting and, to some extent, in natural molting. The involvement of thyrotropin (TSH) in the changes of circulating thyroid hormone levels and the relation of the TSHthyroid hormone axis to other hormone levels are worth investigating to clarify endocrine events of molting. However, there are no immunoassays that can measure avian TSH directly, because avian TSH has never been purified. No reports have thus been published on the change in circulating TSH during molting.
Since the cDNA sequences of TSH β subunits of avian species (chicken: [10, 11] , Japanese quail: [12] ) have recently been determined, an understanding of the molecular basis of avian TSH function is now possible. The present study was undertaken to measure messenger RNA (mRNA) levels for the TSH β subunit by reverse transcriptase-polymerase chain reaction (RT-PCR). Emphasis was also laid o n t he m eas urement o f v ar io us cir culat ing hormones, including T3, T4, lutropin (LH), prolactin ( P R L ) , g r o w t h h o r m o n e ( G H ) , e s t r a d i o l , progesterone and corticosterone. Measurements were performed with an emphasis on the first few days after the initiation of induced-molting treatment, when hormone levels are supposed to change drastically. The possible interrelationships of these hormones and their involvement in molting are discussed.
Materials and Methods

Animals and treatment
A commercial strain of the White Leghorn hen (Bovans White) was used. The hens were kept in individual cages under a photoperiod of 14 h (05:00-19:00) light (L):10 h dark (D) with feed (CP, 15.5%; ME, 2,800 kcal/kg; Japanese Feeding Standard, 1997) and water provided freely. The hens were laying three to six eggs in a sequence (clutch) between 07:30 and 14:30. For the induction of molting, hens (28 weeks of age) were treated as follows: the photoperiod was decreased to 8 L:16 D, f ee d w a s r e m ov ed f o r 11 d a y s a n d w at er withdrawn for the initial 2 days of fasting. On Day 0 (before treatment), 1, 2, 3 and 5 of the inducedmolting treatment and on Day 17, 6 hens were randomly selected, their body weights were measured and blood samples were collected from the wing vein. Then the birds were killed by cervical dislocation, and the pituitary glands were collected and imm ed iately fro zen in liquid nitrogen. The blood and pituitary samples were collected between 13:00 and 16:00. The whole ex per im ent al p ro c edu re was c o nd uc t ed i n accordance with the Guidelines for the Care and Use of Animals of the Faculty of Agriculture, Gifu University.
Hormone assays
Serum T3 and T4 concentrations were measured with commercial radioimmunoassay (RIA) kits (Eiken Chemical Co., Tokyo). Serum estradiol, progesterone and corticosterone were determined by RIA as described previously [13] using 3 Hlabeled antigens. Serum LH was measured with a homologous RIA kit provided by the USDA Animal Hormone Program (Beltsville, MD, USA), and serum PRL and GH were measured using homologous RIA kits provided by the National Hormone and Pituitary Program (Rockville, MD, USA), according to the instructions of the suppliers. The intra-and inter-assay coefficients of variation for serum samples were less than 7 and 12%, respectively, for all hormone measurements.
cDNA preparation and PCR
Total RNA was prepared from the anterior pituitary glands of hens using a commercial extraction reagent (Isogen; Wako Pure Chemical Industries, Osaka). The RNA was employed for reverse-transcription using a Ready-To-Go TPrimed First-Strand kit (Pharmacia Biotech, P i s c a t a w a y , N J , U S A ) a c c o r d i n g t o th e manufacturer's instructions. A product of reversetranscription corresponding to 20 ng (wet weight) of the anterior pituitary gland was subjected to PCR w i t h a s e t o f s y n t h e t i c p r i m e r s , 5 ' -C G G G A G T G T G C T T A C T G C C -3 ' , a n d 5 ' -TTCTGCCACGTCCTTGTGG-3', corresponding to nucleotides No. 40-58 and 350-368 of chicken TSH β subunit cDNA (with the first nucleotide for the amino terminus of mature TSH β subunit as No. 1; [11] ), respectively. The PCR was carried out in a reaction mixture (10 µl) containing the two primers (10 pmol each), primers for β-actin [14] , 2 nM each of deoxyribonucleoside triphosphate (dATP, dCTP, dGTP, dTTP), and 0.25 µU Taq DNA polymerase (AmpliTaq Gold; Roche Molecular Systems, Branchburg, NJ, USA). Denaturation at 94 C for 30 sec was followed by annealing (52 C , 2 min) and extension (74 C , 3 min) reactions for 21 to 35 cycles with a one-cycle interval using a programmable thermal cycler (Perkin-Elmer, Foster City, CA, USA). A 3-µl aliquot of the amplified product was electrophoresed on a 2% agarose gel, and thereafter the gel was stained with ethidium bromide and bands were quantified using a public densitometry program (NIH Image). Original cDNA levels before PCR amplification were estimated by interpolating band densities for 21 to 35 cycles as described [15] and expressed as ratios of TSH β to β-actin cDNA.
Statistical analyses
The values (hormone concentrations and mRNA levels) were expressed as the means ± S.E.M. of 6 b i r d s . S i g n i f i c a n t d i f f e r e n c e s b e t w e e n experimental and control groups were determined by the Mann-Whitney U test [16] .
Results
Feather cast began on Day 13 and gradually increased thereafter as shown in Fig. 1a . The mean body weight of experimental hens was significantly less than that of control hens from as early as Day 1 during the experimental period (Fig. 1b) .
Serum T3 levels in experimental hens remained l o w er t ha n c o n t ro l v a lu es t h ro ug ho ut t he experimental period (difference on Day 3 was not significant), while serum T4 levels increased on Day 3 (although not significantly) and remained significantly higher than the control thereafter (Figs. 1c and d ). The TSH β mRNA level decreased to 20% of the initial control level on Day 2, recovered incompletely on Day 3 and decreased again to 30% of the initial control by Day 17 (Fig.  1e) .
All the experimental hens stopped laying on Day 4 of the induced-molting treatment and laid no eggs during the experimental period as shown in Fig. 2a . Serum LH levels in experimental hens decreased as early as Day 1 and remained lower than control values until Day 17 (Fig. 2b) . Estradiol and progesterone concentrations showed patterns s i m ilar t o LH , w i th l o w er s er um l ev els in experimental hens than in control hens throughout the experimental period (Figs. 2c and d) .
Serum PRL levels in experimental hens reached a low on Day 3 and continued to remain significantly lower than control levels until Day 17 (Fig. 2e) .
Se r u m c o r t i c o s t e r o n e a n d G H l e v e l s i n experimental hens showed similar profiles, with peaks on Day 2 and rapid decreases thereafter, almost reaching the control levels (Figs. 3a and b) .
Discussion
Changes in circulating hormone concentrations and pituitary mRNA content during the induced molt in the present study showed patterns that could be classified into three categories. First, gonadotropin and sex steroid levels declined quickly with the cessation of laying as early as Day 1 of the deprivation treatment and remained low during the molting period. Early declines in hormone levels related to egg laying during induced molts of the hen are well documented [2, 6] , and our results are in line with these reports.
Second, serum levels of corticosterone and GH peaked on Day 2, then decreased rapidly to the control level. That is, these hormone levels declined just after watering was resumed when h e n s w e r e s t i l l u n d e r f e e d d e p r i v a t i o n . Corticosterone has a close relationship to stress response in birds [17] , and hence, our result might suggest that water deprivation is a much severer stressor than feed deprivation. Circulating GH levels have been reported to increase during a fast for 1 day in cockerels [18, 19] and during feed restriction in growing turkeys [20] , which are almost comparable with our result.
Third, serum T3 and T4 concentrations showed quite different profiles. That is, T4 levels remained higher in the experimental group than the control group from Day 3 on, whereas T 3 levels were lower in the experimental hens than the control hens throughout the experimental period.
These results on thyroid hormone levels are mostly in agreement with previous reports: serum T4 levels tend to increase on induced molt in the hen [2] ; serum T3 levels decrease in fasted hens but increase in molting hens in some reports [2, 3, 9] . It has been suggested that T3 rather than T4 is responsible for thermoregulation [21] and that the T3 level increases to compensate for the heat loss associated with feather cast [22] . The present experiment was carried out in summer and the highest ambient temperature was 33-35 C every day during the experimental period. Hence the heat loss fro m the body is thought to have been relatively small.
The result that mRNA levels of the TSH β subunit decreased to a low on Day 2 differs from the finding in Japanese quail that the mRNA level of the TSH β subunit did not change significantly on feed deprivation [23] , but is partly consistent with the finding in the same report that the mRNA level increased rapidly on resumption of feed. It is possible that TSH β subunit mRNA increases on the resumption of feed or water but the initial decrease found that the anterior pituitary gland of molting hens is occupied by thyrotrophs, whereas the pituitary of laying hens is devoid of these cells, by histological examination with a modification of the periodic acid Schiff (PAS) reaction. However, direct evidence of the involvement of TSH in molting has not been obtained due to a lack of p u r i f i e d c h i c k e n T S H a n d h e n c e s p e c i f i c immunoassays. Circulating thyroid hormone levels co uld be a ltered by the a ctivation or inactivation of peripheral deiodinase [25] . Since deiodinase activity is under a complex regulation by a number of hormones including GH, PRL and corticosterone [25] , changes in thyroid hormone levels are not necessarily associated with changes in pituitary TSH.
In the present experiment, the mRNA of the TSH β subunit increased markedly on Day 3, then decreased gradually up to Day 17, whereas serum T4 levels were significantly higher than control levels on and after Day 4. The increased TSH β mRNA level on Day 3 might be responsible for the increase of T4 on Day 4, and the mRNA level decrease thereafter is possibly due to negative feedback control by circulating T 4 . The high T 4 level after TSH β mRNA begins to decrease might be regulated by some factors inhibiting deiodinase activity in the peripheral tissues. Thus, the present study raises the possibility that pituitary TSH stimulates the secretion of T4 from the thyroid gland in the initial phase of induced molting, but is not necessarily responsible for the maintenance of the high T4 level.
The present study demonstrated that serum PRL levels in hens decreased significantly and remained low during the molting period. Changes in the level of PRL during induced molting have been less thoroughly examined than those of hormones such as sex steroids and thyroid hormones. Some authors have reported significant decreases in plasma PRL levels in cockerels fasting for 12-48 hours [18] , and a decreased synthesis with a constant release of PRL in hens fasting for 1-5 days [19] , while a slight, non-significant increase in circulating PRL has been reported during molting in turkey hens [26] .
PRL is known as an important regulator of incubation behavior in birds. For example, serum PRL levels are high during incubation in turkey hens [27] . It is also the case that seasonal molting is inhibited when circulating PRL levels are high. Pigeon crop-gland activity (a measure of PRL activity) is high in incubating pigeons around hatching, when the natural molt is interrupted [8] . Most wild birds in temperate regions begin their annual molt after pairing, incubating and brooding have been completed [8] . This suggests that activation (and inactivation) of gonadotropin (egg lay), PRL (incubation) and TSH/thyroid hormones (molt) occur in a chronological sequence in these wild species. Hormonal control underlying this general separation of reproduction, incubation and molting would also be expected, at least partly, in the process of induced molting. The present result that PRL levels were low during induced molting suggests that, also in induced molting of the hen, the decreas e in PRL might be an important regulatory event along with the decline of the pituitary-gonadal axis and incline of thyroid activity. A more detailed examination is necessary to confirm the involvement of PRL in induced molting and to elucidate interrelationships between the changes in circulating PRL, gonadotropins and TSH levels.
